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Lightweight metallic truss structures are currently being investigated for use within sandwich panel construction. These
new material systems have demonstrated superior mechanical performance and are able to perform additional functions,
such as thermal management and energy amelioration. The subject of this paper is an examination of the mechanical
response of these structures. In particular, the retention of their stiﬀness and load capacity in the presence of imperfections
is a central consideration, especially if they are to be used for a wide range of structural applications. To address this issue,
sandwich panels with pyramidal truss cores have been tested in compression and shear, following the introduction of
imperfections. These imperfections take the form of unbound nodes between the core and face sheets—a potential ﬂaw
that can occur during the fabrication process of these sandwich panels. Initial testing of small scale samples in compression
provided insight into the inﬂuence of the number of unbound nodes but more importantly highlighted the impact of the
spatial conﬁguration of these imperfect nodes. Large scale samples, where bulk properties are observed and edge eﬀects
minimized, have been tested. The stiﬀness response has been compared with ﬁnite element simulations for a variety of
unbound node conﬁgurations. Results for fully bound cores have also been compared to existing analytical predictions.
Experimentally determined collapse strengths are also reported. Due to the inﬂuence of the spatial conﬁguration of
unbound nodes, upper and lower limits on stiﬀness and strength have been determined for compression and shear. Results
show that pyramidal core sandwich structures are robust under compressive loading. However, the introduction of these
imperfections causes rapid degradation of core shear properties.
 2006 Elsevier Ltd. All rights reserved.
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Sandwich construction has been revolutionized by the introduction of a new class of lightweight metallic
cores. This has been due to signiﬁcant advances in the design and fabrication of these structures (Wadley
et al., 2003; Zok et al., 2003). These panels use a variety of truss, prismatic, and textile cores, which are
attached to stiﬀ face sheets. This material arrangement produces a structure with greater bending stiﬀness than
that of a solid plate of equal mass (Allen, 1969). Recent analysis has demonstrated that they can compete on0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2006.11.049
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et al., 2002). One critical advantage that these new cores have is that they present the opportunity to add func-
tionality to the panels, such as thermal management, energy absorption, and morphing capabilities (Gu et al.,
2001; Fleck and Deshpande, 2003; Rathbun et al., 2005).
Before these sandwich panels can be implemented as structural components in the ﬁeld, it is necessary to
examine and quantify their sensitivity to imperfections on stiﬀness and load capacity. For example, the
mechanical performance of a structure if debonding takes place between the core and faces needs to be under-
stood. The sandwich eﬀect—i.e. improved bending stiﬀness at lower mass—is lost if bonding between the core
and face is compromised to such an extent that sliding of the two faces over one another takes place. When
one considers a truss core structure, where the ‘‘bond’’ is a series of discrete nodes bonded to the face, it is
essential that the inﬂuence of unbound nodes on mechanical performance be understood. With this motiva-
tion, compression and shearing have been chosen as the testing methods to explore this issue. The bond imper-
fections are introduced to samples during the fabrication process. These ﬂaws are expected to aﬀect the
stiﬀness and load capacity. By measuring the stress–strain responses on imperfect panels, and comparing with
those for ‘‘pristine’’ panels, the extent of the degradations in mechanical properties can be explored.
There have been a number of studies that report on the mechanical performance and multifunctionality of
lattice truss structures and show that they have superior stiﬀness-to-weight performance (Christensen, 2000;
Deshpande and Fleck, 2001; Deshpande et al., 2001; Wallach and Gibson, 2001; Wicks and Hutchinson,
2001, 2004; Chiras et al., 2002; Wadley et al., 2003; Sugimura, 2004; Zok et al., 2004; Queheillalt and Wadley,
2005a,b). Several publications have mentioned the fact that imperfections can inhibit the performance of the
core (Evans et al., 1998, 2001; Wadley et al., 2003) but there has been little follow up analysis on this topic.
Deshpande et al., introduced ligament curvature to an octet truss and found that shape imperfections knock-
down the collapse stress as the structure goes from being stretch dominated to bending dominated (Deshpande
et al., 2001). This result is similar to cell wall curvature studies of honeycomb cores that demonstrated perfor-
mance degradation by decreasing the buckling load (Chen et al., 1999, 2001). Wallach and Gibson (2001) pre-
sented an imperfection analysis in which members were removed from a truss structure similar to an octet
truss. They found that the compressive modulus and strength of the structure decreased linearly with the frac-
tion of ligaments removed. Uniform truss member thinning also produced a linear reduction in stiﬀness and
strength, at a rate of approximately 0.6 times that for an equivalent density reduction by removing members
(Wallach and Gibson, 2001). It should be noted that this study involves the removal of material from the
structure, thereby decreasing its relative density. Studies have also noted that the compressive and shear prop-
erties of a cellular core can be inﬂuenced by its interaction with the face sheets (Bart-Smith et al., 2001; Wal-
lach and Gibson, 2001). Defects that reduce the mechanical performance without signiﬁcantly reducing the
relative density of the structure are a clear possibility in truss core sandwich panels and must be investigated.
The paper is organized in the following way. Section 2 gives an overview of mechanical response predictions
for a pyramidal core sandwich panel with no imperfections. Section 3 details the core and panel fabrication.
Sections 4 and 5 present details of the experimental and simulation techniques used to determine the compres-
sive and shear response of the sandwich panels. The results for the experiments and simulations are presented
and discussed in Section 6. Section 7 gives the conclusions and provides a brief description of future work.
2. Mechanical behavior predictions
The core must serve several functions vital to the mechanical performance of sandwich structures. It must,
(i) maintain the correct separation between the face sheets, (ii) be stiﬀ enough in shear to prevent the face
sheets from sliding past one another, and (iii) keep the faces nearly ﬂat (Allen, 1969). Core topology and rel-
ative density along with face sheet properties govern the panel failure mode. With strong face sheets available
and for minimum weight designs, panel performance is driven by the core properties (Allen, 1969; Zok et al.,
2004).
The following analytical expressions have been developed by Deshpande and Fleck for the pyramidal lat-
tice truss composed of elastic-perfectly plastic and strain hardening materials (Deshpande and Fleck, 2001).
The predictions for stiﬀness and strength assume the core struts to be individual axially loaded columns to
simplify the analysis.
4692 R. Biagi, H. Bart-Smith / International Journal of Solids and Structures 44 (2007) 4690–4706The relative density, q, of the lattice truss is the ratio of the unit density, q*, to the solid from which it is
made, qs, or equivalently the volume fraction of truss members occupying the unit cell. For a pyramidal core
with square cross section ligaments the relative density isFig. 1.
sectionq ¼ q

qs
¼ 2
cos2ðxÞ sinðxÞ
t
l
 2
; ð1Þwhere x is the included angle (see Fig. 1), t is the thickness of the ligaments, and l is the strut length.
The out-of-plane compressive stiﬀness, E33, is given byE33 ¼ Esq sin4ðxÞ; ð2Þ
where Es is the Young’s modulus of the parent alloy and q is the relative density given in Eq. (1). The shear
stiﬀness, G31, has the formG31 ¼ Es q
8
sin2ð2xÞ: ð3ÞDeshpande and Fleck (2001) also derived the compressive and shear strengths for a pyramidal truss core. If
the pyramidal truss composed of an elastic-strain hardening material then it can fail by plastic buckling. Spe-
ciﬁcally, the compressively loaded truss material begins to yield but is able to support increased load due to
strain hardening eﬀects. In this case the truss members fail (plastically buckle) at the bifurcation strength, rcr,
given by Shanley–Engesser tangent modulus theory (Shanley, 1967),rcr ¼ k
2p2Et
12
t
l
 2
; ð4Þwhere k is a dimensionless factor that depends on the rotational stiﬀness of the end nodes (i.e. k = 1 or k = 2
for pinned and built in ends respectively) and Et is the tangent modulus, deﬁned by the slope, dr=de, of the
uniaxial stress versus strain curve of the parent material at a stress level rcr. A value of k = 2 is assumed appro-
priate to model ligaments with brazed ends. The peak compressive strength for a lattice truss is given byrpk33 ¼
k2p2
24
sin3ðxÞ cos2ðxÞEtq2: ð5ÞDue to symmetry, the in-plane shear strength for the pyramidal lattice truss has a periodicity of p=4 with re-
spect to the loading orientation angle w (Fig. 1) resulting in a minimum and maximum. The cores were loaded
in the 3-1 orientation (w ¼ 0), shown in Fig. 1, which is the loading orientation giving the maximum shear
response. This orientation was chosen primarily for ease of sample manufacturing. The failure mechanism ob-
served experimentally was plastic buckling of adjacent truss ligaments. For a strain hardening material the
peak stress is given byl
t
1
23
t
         3-3 Compression 3-2 Shear
3-1 Shear
ψ
Schematic of a pyramidal unit cell with included angle (angle from a ligament to the base) x, ligament length, l, and square cross
thickness, t.
Fig. 2.
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rcrq sinð2xÞ: ð6ÞIn this paper, experiments and simulations have been developed to probe the aﬀect of unbound nodes from the
face sheet on the mechanical performance of the pyramidal truss core. The analytical predictions described
here will be used as a comparison to ‘‘perfect’’ cores (cores without introduced imperfections) only, since they
do not take into account the inﬂuence of defects.3. Materials and manufacture
The pyramidal cores are made using commercially available 304 stainless steel (Fe–18Cr–8Ni). In order to
control imperfections within pyramidal core sandwich panels, it is essential to create pristine samples with all
nodes bound to the face sheets. Adapting techniques developed by others, diamond perforations were laser cut
into a ﬂat 1.22 mm thick sheet of 304 stainless steel producing uniform square cross section ligaments for all of
the cores (Sypeck and Wadley, 2002). The ﬂat perforated sheet was folded along successive node rows using a
CNC operated punch and die tool forming regular pyramids with consistent bend angle, illustrated in Fig. 2.
During the folding process, the perforated sheet was held in place by a ﬁxture to ensure proper node align-
ment. The result was a core of regular pyramids with an angle x = 45 ± 2 (see Fig. 1 for deﬁnition of x)
and predicted relative density q ¼ 0:046 or 4.6% (Eq. (1)). The measured pre-braze relative density of these
cores was q ¼ 0:035 0:002. The discrepancy is due to ‘‘double counting’’ the nodal volume in the expression
for the predicted relative density (Deshpande and Fleck, 2001). A photograph of a pyramidal core fabricated
using this technique is shown in Fig. 2b.
Sandwich panels were created by securing a bent pyramidal truss core between two 304 stainless steel sheets
using a brazing process. The nodes or apexes of the pyramids of the truss cores were successively dipped in a
polymer based binder (Nicrobraz 520 Cement) and a Nickel based metallic braze powder, Ni–22Cr–6.5Si–
4.5P (Nicrobraz 31), both supplied by Wall Colmonoy Corporation (Madison Heights, MI). Only the nodes
were dipped in order to regulate the amount of braze and more importantly, control which nodes would be
bound to the face plates and which would be left free, or unconstrained, to simulate an imperfection. A simple,
low tech method was employed that allowed the ‘‘imperfect’’ nodes to be protected from braze during the dip-
ping process. Masking tape was placed over the nodes that were to be free of braze and the core was dipped in
the binder and braze powder. The masking tape was then removed from the selected nodes exposing a clean,
braze free surface. These nodes were then painted with Stop-OﬀTM (Wall Colmonoy Corp., Madison Heights,
MI), a material designed to protect metal surfaces from molten braze material and prevent metal surfaces from
adhering to each other at high temperatures. This insures nodes will not adhere to the face sheets. The dipped
truss core was placed between two 304 stainless steel face sheets (1.5 mm thickness for compression, 3.35 mm(a) Illustration of the perforation and bending process used to manufacture the pyramidal core. (b) Photograph of a pyramidal
ser cut and CNC bent resulting in consistent nodes and square cross section ligaments.
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10 C/min to 550 C and held for 1 h to volatilize the binder material. The temperature was then increased to
1050 C and held for 1 h to allow the braze material to liquefy. The samples were then furnace cooled to ambi-
ent temperature leaving the samples in an annealed state. The relative densities of the brazed specimens will be
discussed in Sections 4.1 and 4.2.
4. Experiment
Samples were tested in compression and shear following ASTM C 365-00 and ASTM C 237-00 guidelines,
respectively for sandwich panels (ASTM, 2000; ASTM, 2000). A screw driven testing machine (Model 4208,
Instron Corporation, Canton, MA) was used to test these samples at an applied strain rate of 103 s1. Engi-
neering strain was measured using retro reﬂective tape and a laser extensometer (Model LE-05, EIR Ltd.,
Irwin, PA) with accuracy of ±0.005 mm. A 300 kN load cell (accuracy of ±0.5%) measured the force that
was used to calculate the stress on the core. During the compression experiments, frictional forces were
assumed to be suﬃcient to restrict lateral movement and the cores were not constrained in the direction nor-
mal to the applied load.
Initial tests were performed on small scale samples to gain some insight into the inﬂuence of these imper-
fections (Biagi, 2006). Ashby et al. state that, for compression testing, boundary eﬀects become negligible
when the ratio of specimen size to cell size is greater than about 7 (Ashby et al., 2000). The small scale samples
tested here were well below this ratio and therefore dominated by edge eﬀects. However, they were used to gain
insight into the mechanical behavior of these structures in the presence of imperfections and highlight areas of
importance other than simply unbound node number, such as unbound node connectivity.
4.1. Compression
To minimize edge eﬀects, large scale compression samples were square cores containing 49 cells. This was
the maximum sample size that would ﬁt comfortably on the 150 mm diameter steel load platens of the testing
machine. Varying percentages of nodes—from 0% to 90%, in intervals of 10%—were chosen to be unbound
with a random conﬁguration. The conﬁguration of the unbound nodes at each percentage was chosen at ran-
dom using a random number generating program written in MatLab. Three tests were performed at each
percentage of unbound nodes with all three samples having the same nodal conﬁguration.
After fabrication of the sandwich panels, post-braze relative densities varied with the percentage of
unbound nodes. Table 1 lists the measured post-braze relative densities for all nodal conﬁgurations. The added
braze material minimizes the discrepancy between predicted and measured relative density at lower percent-
ages of unbound nodes, where the amount of braze added to the core is proportionately large. Experimental
data normalizations are based on the measured post-braze relative densities (Table 2).Table 1
Measured post-braze relative densities for pyramidal core sandwich panels tested in compression, with predicted relative density q ¼ 0:046
and measured pre-braze relative density q ¼ 0:035
Percent of nodes unbound Post-brazed measured relative density
0 0.041 ± 0.002
10 0.040 ± 0.002
20 0.041 ± 0.003
30 0.040 ± 0.004
40 0.039 ± 0.001
50 0.039 ± 0.001
60 0.037 ± 0.004
70 0.036 ± 0.001
80 0.037 ± 0.002
90 0.036 ± 0.002
Table 2
Measured post-braze relative densities for pyramidal core sandwich panels tested in shear, with predicted relative density q ¼ 0:046 and
measured pre-braze relative density q ¼ 0:035
Percent of nodes unbound Post-brazed measured relative density
0 0.042 ± 0.001
10 0.040 ± 0.001
20 0.040 ± 0.002
30 0.039 ± 0.002
40 0.040 ± 0.001
50 0.040 ± 0.002
60 0.039 ± 0.003
70 0.039 ± 0.001
80 0.037 ± 0.003
90 0.036 ± 0.001
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For minimum weight sandwich beams (i.e. structures with thin face sheets), the core is responsible for the
shear stiﬀness of the beam, preventing relative translation of the face sheets (Allen, 1969). The shear prop-
erties govern several failure modes such as transverse shear failure of a beam in bending and general buck-
ling and shear crimping of a beam in in-plane compression (Bitzer, 1997). Compression shear experiments
were performed on cores containing 60 cells (12 cells · 5 cells). The size of the shear specimens was dictated
by ASTM C 237-00 guidelines, which states that the sample must have a minimum length to thickness ratio
L/T > 12 (ASTM, 2000). If the sample is relatively long compared to the thickness, the specimen is loaded in
almost pure shear (Ashby et al., 2000). All samples tested in this study had a ratio L/T  17. The conﬁgu-
ration of unconstrained nodes was chosen the same way as for the compressive samples. As with the com-
pression samples, the measured post-braze relative density varied slightly due to the quantity of braze
material.
Three tests were performed for each conﬁguration. To ensure that the specimen was adequately attached to
the shear platens, a conﬁguration of 22 holes total were drilled and tapped in the face sheets allowing them to
accept screws (#10–32) secured through the loading plates. There was also a ridge at the leading edge of each
shear plate to further secure the sandwich panel. A schematic of the core and shear loading plates is shown in
Fig. 3.
5. Simulation
Numerical simulations were performed for both compression and shear tests using the Abaqus/Standard
general-purpose ﬁnite element program (Hibbitt, Karlsson & Sorensen, Inc., Providence, RI). The simulations
are used to evaluate and probe upper and lower bounds on the mechanical properties of the panels. A con-
vergence study was performed to ensure that a mesh was chosen that gave an accurate result within a reason-
able calculation time.
To study the response of imperfect samples numerically, quadratic beam elements in space (B32) or Tim-
oshenko shear ﬂexible beams were used to model the core, shown in Fig. 4. Due to the discrete nature of the
nodal imperfection, it was necessary to model the individual truss elements, rather than using a continuum
model to represent the core as done by Xue and Hutchinson, 2004. Beam elements are a one dimensional
approximation of a three dimensional continuum and much less costly than continuum elements themselves
(Abaqus, 2002). For transverse shear ﬂexibility to be negligible, the thickness of a ligament should be less
than 1/15 of the ligament length (Abaqus, 2002). This proportion is known as the slenderness ratio. The
cores tested had a slenderness ratio of approximately 1/11 which prevented the use of Euler–Bernoulli beam
elements. If the beam is slender, the shear deformation is negligible. In shear ﬂexible beam theory, plane sec-
tions initially normal to the axis of the beam do not necessarily remain plane as deformation occurs. The
performance of the beam elements has been evaluated and is comparable to the continuum simulations
(Biagi, 2006).
Ledge stop
Facesheet
tapped / threaded
and bolted to
shear plate
retro-
reflective 
laser tags
Shear 
Plate
Fig. 3. Schematic of a compression shear ﬁxture (left) and picture of an experimental shear test. The tabs on the front of the experimental
core hold the retro-reﬂective laser tags used by the extensometer.
Fig. 4. (a) Three dimensional model of a 9-cell core used for small scale simulations that was meshed with continuum elements. (b) Wire
model of a 9-cell core that was meshed using beam elements.
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the results of these simulations are compared with the analytical predictions. However, it was not possible to
simulate the yield and post yield behavior of the imperfect samples. The introduction of randomly distributed
unconstrained nodes created a numerical instability that prevented the determination of the post yield behav-
ior. As a result, only elastic properties were characterized by the simulations.
In order to replicate the compression and shear experiments, the simulations had the same unconstrained
nodal conﬁgurations. For this analysis, it is necessary to deﬁne appropriate boundary conditions to model
either a perfect or imperfect bond between nodes and face sheet. Out-of-plane compression simulations were
performed either on a core alone, with displacement boundary conditions placed directly on the nodes, or on a
core between two rigid face sheets to which the displacement was applied. There was no friction present in
either model. The results were identical and, for simplicity, all data presented is for analyses performed with-
out face sheets. Nodes bonded to the face sheets experienced ﬁxed boundary conditions; i.e. were restricted
from all translation and rotation. The vertical translation constraint was relaxed for bound top nodes to allow
the imposed displacement necessary for compression. Unbound base nodes were only constrained vertically
while unbound top nodes were free in plane and had a prescribed vertical displacement.
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were allowed to translate in the 1- and 3-directions. A vertical constraint was applied to unbound base nodes
while unbound top nodes were left completely free. It should be noted that for the imposed core shear con-
ditions explained in Section 4.2, bound top nodes experience an in-plane displacement in the direction of shear
and all top nodes undergo an out-of-plane displacement. However, only small shear strains were applied in the
simulations, up to a maximum of 0.2%, resulting in a negligible out-of-plane strain of 0.0002%. This allowed
the unbound top nodes to be free of any vertical displacement with a negligible eﬀect on the mechanical
response. A displacement boundary condition was applied in the 1-direction to all bound top nodes (see
Fig. 1).6. Results and discussion
Results from compression and shear tests are presented. Tests were performed to obtain the mechanical
response of the parent material. Stiﬀness characteristics were obtained via numerical methods and compared
with the experimental ﬁndings. As stated previously, the introduction of unbound nodes created a numerical
instability that prevented the simulation of the yield and post yield characteristics of an imperfect core. There-
fore, only the experimental post yield ﬁndings are presented.6.1. Parent material response
The parent material constitutive response is needed for the analytical predictions of Section 2 and as an
input for the ﬁnite element simulations. The Young’s modulus, Es, yield stress, ry, and tangent modulus,
Et, can be found through direct measurement of the stress vs. strain results, or by ﬁtting a Ramberg–Osgood
relation to the tensile test curve. The Young’s modulus and yield stress were found directly from the stress–
strain response of the tests performed. The Ramberg–Osgood relation was ﬁt to the average tensile data to ﬁnd
the tangent modulus, Et, needed to compute the truss member bifurcation stress, rcrðEtÞ.
Tension tests were performed on two specimens. The cores used were manufactured from two separate
stocks of type 304 stainless steel. Core stiﬀness and strength can be normalized by the relative density and
material properties as a way to examine and compare core topologies (Ashby et al., 2000). Fig. 5 shows
the stress vs. strain response for both materials tested. Table 3 gives the data obtained from graphs using
the conventional 0.2% oﬀset to ﬁnd the yield stress.
It should be noted that the samples were coated with a very thin layer of Nicrobraz 31 braze powder prior
to the thermal cycle. This was done to obtain material properties that would closely resemble those of a core in
a sandwich panel. The braze can inﬂuence the response of the material, which increases with braze concentra-0
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Fig. 5. The uniaxial stress versus strain response of two samples 304 stainless steel. Both samples were lightly coated with braze material
and put through the same thermal cycle used for sandwich panel fabrication.
Table 3
Measured modulus and yield stress (0.2% oﬀset) properties for two samples of 304 stainless steel coated with Nicrobraz 31 braze material
and heated at 1050 C for 60 min
Yield stress (MPa) Elastic modulus (GPa)
Sample A 174 191
Sample B 179 208
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ple, contributing to the material property discrepancy.
6.2. Compression
Three samples, having the same unbound node conﬁguration, were experimentally tested at each percentage
and the average compressive stiﬀness, E33, and peak strength, r
pk
33 , are reported. These structures exhibit a
response that is analogous to that described for small scale samples tested in compression (Biagi, 2006). There
is a brief period of node bedding followed by a linear elastic response until core yield. The panel continues to
support increasing load due to strain hardening eﬀects in the core struts until peak stress. This is followed by a
softening of the core until densiﬁcation. There was no node rupture observed for any compression experiments
performed.
6.2.1. Stiﬀness assessment
The preliminary study of small scale samples indicated that given the same number or percentage of
unbound nodes, the mechanical response can vary if their locations vary (Biagi, 2006). This suggests that there
are upper and lower limits to the response depending on the nodal conﬁguration. Percolation theory has been
suggested as a way to possibly understand defects in honeycomb structures (Gibson and Ashby, 1997). Adapt-
ing this concept to unbound nodes within a lattice truss, percolation theory deals with ‘‘clusters’’ of unbound
nodes and pathways of imperfections. A critical pathway occurs when a there is a continuous path of unbound
nodes from one side of the core to the other (Stauﬀer and Aharony, 1992; Grimmett, 1999). This suggests that
the edge nodes play a signiﬁcant role in the mechanical response of a core in compression. A continuous path-
way from one edge to another is unattainable if the edge nodes remain bound to the face sheets (Fig. 6), main-
taining an equiaxed force on all interior nodes. Therefore, it can be reasoned that as long as the edge nodesFig. 6. Illustration of node connectivity for a pyramidal lattice truss. Solid circles denote base nodes, hollow circles are top nodes and solid
lines are truss ligaments connecting the two. The dashed line indicates the edge nodes on the perimeter.
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ating an upper bound.
At a critical value, the percentage of unbound nodes, N, will become too great to remain only in the interior
of the core. For a square pyramidal core, the critical percentage can be expressed mathematically asFig. 7.
eight rN critical ¼ 2nðn 3Þ þ 5
2nðn 1Þ þ 1 ; ð7Þwhere n is the number of edge nodes on one side of the core. This formula is speciﬁc for a square perimeter
pyramidal truss core and would vary depending on core topology and panel geometry. For the compression
cores tested here, Ncritical = 75%. The lower limit was taken to be the inverse of the upper bound conﬁguration,
with perimeter nodes unbound ﬁrst. Selecting unbound nodes on the perimeter reduces the number of nodes
experiencing an equiaxed force, resulting in a minimum stiﬀness response.
Finite element simulations were conducted to probe the stiﬀness limits at each percentage of unbound nodes
(in increments of 10%). At each percentage, ten simulations were performed—eight conﬁgurations were ran-
domly generated while two probe the upper and lower limits. Fig. 7 shows a plot of the normalized modulus,
E33=ðEsqÞ, versus number of unbound nodes, calculated from the simulations.
For a pristine core (no unbound nodes) the simulation and analytical prediction are within 2%. The upper
bound results conﬁrm that if the edge nodes remain bound the compressive stiﬀness remains constant. In
essence, bound edge nodes resist lateral expansion of the core and maintain an equiaxed force on interior core
nodes. When an edge node is unbound and there is a pathway of imperfections to an edge, the stiﬀness
declines. The lower limit follows a linear trend. The compressive modulus of all cores with randomly generated
unbound node conﬁgurations falls within the upper and lower bounds.
Experiments and simulations were carried out on cores with the same conﬁguration of unbound nodes. The
modulus was measured experimentally by loading the core into the plastic range and using the slope of an
unload curve, following protocols developed by Ashby et al. (2000). The unload curve at 4% strain is used
here. The comparison is shown in Fig. 8. For a fully bound core, the experiment, simulation, and analytical
prediction are in excellent agreement. Both the experimental and simulation results indicate that there is vir-
tually no decrease in stiﬀness at the 10% unbound node conﬁguration. Simulations and experiments (within
deviation) show that even when 20% of the nodes are unbound, the core modulus is within 10% of a perfect
core. In addition to this, looking at the eight randomly generated 20% unbound node orientations simulated in
compression (Fig. 7), the most compliant response diﬀered by 11% from the upper bound. These results sug-
gest that the compressive stiﬀness of the pyramidal core has reasonable tolerance to unbound nodes.
Initially the experiment and simulation are in good agreement. However, at larger percentages of unbound
nodes, the measured response indicates that the modulus is higher than predicted. A possible explanation for
this discrepancy is nodal stiﬀness. The lower bound (Fig. 8) suggests that when all core nodes are unboundLower Bound
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Fig. 8. Numerical and experimental compressive modulus comparison. (Error reported as ± one standard deviation).
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response of the core itself is zero, or the structure becomes a mechanism in the absence of nodal constraints.
However, even if a core was compressed on a frictionless surface there would be a measured mechanical
response due to the inherent stiﬀness of the material that forms the nodes. Recall that the truss ligaments were
modeled using beam elements where nodes (ligament intersections) are points. Once nodes are unconstrained
the model lacks nodal material to provide the rotational stiﬀness at the truss ends present in the physical cores.
This becomes more pronounced as the percentage of unbound nodes increases and is the primary source of the
stiﬀness discrepancy.
Another possible explanation for the stiﬀness discrepancy at high unbound node percentages is the lack of
friction in the simulations. When a large number of nodes are unconstrained, say greater than 60%, the fric-
tional forces may have a sizeable impact on the panel response. However, when there are a small number of
unbound nodes in the core, the contribution of frictional forces to the overall response is minimal.
6.2.2. Peak compressive stress
Fig. 9 shows the normalized peak compressive stress data for pyramidal core panels in the presence of
unbound nodes. For a perfect core, the analytical and numerical predictions are in very good agreement.
The experimentally determined peak stress is slightly higher that the predictions by approximately 20%. Sim-
ilar discrepancies have also been reported elsewhere and these are caused by inconsistencies in material
mechanical properties (Zok et al., 2004). Speciﬁcally, the braze material has been shown to increase the ﬂow
stress of the alloy which contributes to the strain hardening eﬀect.0
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Fig. 9. Measurements of peak compressive stress (±one standard deviation). The plastic buckling prediction for a perfect core assumes a
ﬁxed truss ligament end constraint (k=2).
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load capacity in the presence of unbound nodes. At low percentages of unbound nodes—up to approximately
20%—the peak strength is not signiﬁcantly impacted. As the number of unbound nodes increases, there is a
gradual decline in the peak stress. It is interesting to note that at 90% unbound nodes, the sample is still able to
retain almost half of the load capacity attained for a perfectly bonded core.
6.3. Shear
Three samples were tested in the 3–1 direction (see Fig. 1) at each unbound node conﬁguration and the
shear stiﬀness and peak stress are reported. Fig. 10 shows stress vs. strain curves for a pyramidal core in shear
with 0% and 20% unbound nodes. Initial loading appears elastic until core yield is reached. The cores were
observed to continue to support load through a gradual strain hardening until a peak stress was reached or
node rupture occurred, Fig. 11. This load orientation places two adjacent unit cell ligaments in compression
and the other two in tension. Plastic buckling of truss ligaments in compression was the observed failure mech-
anism. Node rupture occurred on most cores at a strain of approximately 20%. It is clear from Fig. 11 that the
ligaments corresponding to the unbound node do not deform and no longer contribute to the shear response.
6.3.1. Stiﬀness assessment
Experimental and simulation results are presented in Fig. 12. The simulations are in excellent agreement
with the experimental results for all tests other than the fully bound conﬁguration. For the perfect sample,
the simulation and analytical calculations over predict the experimentally determined modulus. The inﬂuence
of the braze material could contribute to this small discrepancy. It was also observed that the fully bound
cores experienced a larger compressive strain than the other cores tested. Following the ASTM C 237-00
guidelines, the cores were not in pure shear. However, the compressive force is negligible compared to the
shear force.
The results indicate that the shear stiﬀness is greatly aﬀected by the presence of unbound nodes. For cores
in compression all nodes experience a compressive force that is transferred to the related struts, whether they
are bound or unbound. Bonding the nodes only prevents lateral movement, making edge nodes most impor-
tant. For a core in shear, the force is transmitted from the face sheets to the core through the braze material.
When braze material is removed, force is no longer transmitted to the node and the four connected ligaments
no longer contribute to the response—Fig. 11 clearly highlights this. Unlike cores in compression, there is no
way to restrict the pathway of the mechanism.
Each node that is unbound aﬀects a certain volume or area fraction of the core, leaving only an ‘‘eﬀective
area’’ contributing to the response. The eﬀective area, Aeﬀ, can be expressed asFig. 10
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Fig. 12. Experimental and simulation results for shear modulus of a pyramidal core loaded in the 3–1 direction (1). (Experimental error
reported as ± one standard deviation).
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dent on the number and orientation of unbound nodes. An unbound interior node aﬀects the area of one unit
cell (Aunit) while an unbound edge node and corner node aﬀect half (Aunit/2) and a quarter (Aunit/4) of a unit
cell area, respectively (Fig. 13). Orientation becomes important when adjacent base and top nodes are un-
bound and aﬀected areas overlap. This overlap would lead to an overestimation of aﬀected area if it were
not taken into account.Area Overlap
Fig. 13. Diagram representing the aﬀected area (light gray highlight) for an interior, edge, and corner node and the overlap (dark gray
highlight) of aﬀected area that can occur. Solid circles represent base nodes and hollow circles represent top nodes.
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actions. For each core, the eﬀective area can be calculated through inspection or numerically, following the
area guidelines given above. The aﬀect of imperfections is calculated by multiplying the response for a fully
bound core by the eﬀective area ratio, Aeﬀ /Atotal. Using the simulation data, the modulus for the perfect core
was multiplied by the eﬀective area ratio for each node conﬁguration tested and compared to the model. The
results are shown in Fig. 14.
The area assumption follows the same trend as the simulation and they are in good agreement. Consequent-
ly, the upper and lower bounds correspond to the maximum and minimum eﬀective area remaining, respec-
tively. The minimum area aﬀected by these imperfections—thereby giving the upper bound—is given by
alternating unbound nodes between face sheets, starting with the corner nodes and working inward toward
the center trying to maximize unbound node interaction. The maximum core area aﬀected occurs if successive
nodes along a single face sheet are unbound ﬁrst (i.e. all top nodes), producing the lower bound. The bounds
are shown in Fig. 15 along with the other stiﬀness results obtained.
The results show that even the upper bound constitutes a signiﬁcant degradation in shear stiﬀness with the
introduction of unbound nodes. Both limits follow a linear trend in the reduction of shear stiﬀness. The lower
bond shows that at 43%, all top nodes are unbound and shear force is no longer transmitted to the core. Slight
perturbations from linearity may be the result of asymmetries of node orientation. Note that the node orien-
tations to obtain the limits were chosen by inspection but are believed to be the bounds based on the reasoning
above.0
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Fig. 14. Normalized modulus comparison between simulations and estimation using eﬀective area ratio. For this method the simulated
modulus for the perfect core was multiplied by the ratio of eﬀective area to total area at each unbound conﬁguration.
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Fig. 15. Normalized shear modulus results with upper and lower bound estimations. The upper and lower bounds were obtained by
aﬀecting the minimum and maximum core area, respectively, with unbound nodes.
00.1
0.2
0.3
0.4
0.5
0.6
0.7
0 20 40 60 80 100N
or
m
a
liz
e
d 
Pe
a
k 
Sh
ea
r 
St
re
ss
:
% Nodes Unbound
(
) ρ
σ
σ
y
pk 31
Experiment
Analytical
Simulation
Area reduction
Fig. 16. Normalized peak shear strength for a pyramidal core (± one standard deviation). The analytical value assumes ﬁxed strut end
conditions (k = 2). The area reduction estimation uses the initial measured peak stress.
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Fig. 17. Normalized peak shear stress with estimated bounds based on eﬀective core area.
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The experimentally determined peak stresses, for all conﬁgurations, are reported in Fig. 16. For a large pro-
portion of the cores tested, node rupture occurred just prior to the true peak stress. Even so, the analytical
prediction, assuming a ﬁxed strut end condition (k=2), underestimates the peak strength, as was the case
for cores in compression. The measured peak strength for a perfect core is consistent with results reported
by Zok et al. (2004). In light of this, the reduced area estimation was calculated using the measured value
of peak strength for the fully bound core. This estimation under predicts the peak stress because it completely
eliminates contributions from ligaments connected to unbound nodes. At large strains however, unbound
nodes were observed to expand or collapse (increase or decrease the bend angle at the node) as the core
deformed, contributing to the peak stress response. The experiments also show that the peak stress is signif-
icantly aﬀected by the presence of unbound nodes. Both bounds follow a steep linear trend showing that
unbound nodes result in a rapid reduction of the peak stress response (Fig. 17).7. Concluding assessment
This study examines the mechanical response of the pyramidal lattice truss in the presence of imperfections.
The imperfections studied are in the form of unbound nodes; a plausible defect that can occur during the man-
ufacturing or loading of these structures. Cores were fabricated using a perforate/bend technique and the
mechanical response in the presence of these imperfections was obtained via compression and shear experi-
R. Biagi, H. Bart-Smith / International Journal of Solids and Structures 44 (2007) 4690–4706 4705ments. Finite element simulations were created to model the elastic response and results were compared with
the experimental study.
A key ﬁnding of the study is that the mechanical response of these structures is not only inﬂuenced by the
percentage of unbound nodes, but also by their location. Upper and lower bounds can be established based on
unbound node connectivity and edge node constraints. Of critical importance for a truss core in compression
is the inﬂuence of edge nodes on the response. Ideal compressive properties are maintained if edge nodes
remain bound to the face sheets. This prevents lateral movement of perimeter nodes during compression
and maintains an equiaxed force on the interior nodes. If this requirement is met, the panel can continue
to be used in the presence of these imperfections. During the fabrication of sandwich panels, edge constraints
can be ensured with the addition of raised node stops placed around the perimeter. They would only have to
be tall enough to stop the lateral movement of unbound edge nodes, maintaining the open cell characteristics
of the truss core panel. The minor increase in relative density would be oﬀset by the additional safety provided.
The lower bound of the compressive response is obtained by debonding successive perimeter nodes.
Compression results, for all random node orientations tested and simulated, show that the pyramidal core
is able to sustain adequate stiﬀness and peak strength properties in the presence of up to approximately 20%
unbound nodes. With a small number of unbound nodes the probability that most will be on the edge is
unlikely. It is also unlikely that most of the unbound nodes will cluster together with an edge node, given
the possible orientations. The response will tend to be near the upper bound due to the probability that several
nodes will experience a hydrostatic force.
However, shear properties are signiﬁcantly degraded upon the introduction of unbound nodes. Each
unbound node constitutes a volume of core material that no longer contributes to the response. A model
was introduced to predict the reduction of core properties based on the eﬀective area of core material still con-
tributing to the shear response once braze material is removed. This model accurately predicts the stiﬀness but
over estimates the peak stress due to non-negligible contributions from unbound nodes at large strains. Upper
limits, calculated using the maximum eﬀective area ratio, illustrate that even for the best case scenario there is
a rapid reduction in shear properties. The lower bound is obtained through the minimum eﬀective area ratio.
For panels that transfer shear to the core (i.e. panel bending), unbound nodes quickly cause a critical reduc-
tion of core shear properties and must be addressed immediately. It is not possible to contain the eﬀects of
unbound nodes on shear properties by ensuring that other nodes are bound (i.e. perimeter nodes of a core
in compression).
Further eﬀort is needed to develop models that accurately capture the inelastic core properties. Addition-
ally, the inﬂuence of nodal constraint and friction must be studied, although from the results presented here it
is believed that at least 50% of unbound nodes is required to notice their impact. This study must also be
expanded to look at diﬀerent core topologies. Imperfection sensitivity of sandwich panels under diﬀerent load
orientations is also of interest. Investigating sandwich beams in bending will give insight into the interaction of
core compressive and shear properties in the presence of unbound nodes.Acknowledgements
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